Drosophila lethal giant larvae (lgl), discs large (dlg) and scribble (scrib) are tumour suppressor genes acting in a common pathway, whose loss of function leads to disruption of cell polarity and tissue architecture, uncontrolled proliferation and growth of neoplastic lesions. Mammalian homologues of these genes are highly conserved and evidence is emerging concerning their role in cell proliferation control and tumorigenesis in humans. Here we investigate the functional conservation between Drosophila lethal giant larvae and its human homologue Hugl-1(Llgl1). We first show that Hugl-1 is lost in human solid malignancies, supporting its role as a tumour suppressor in humans. Hugl-1 expression in homozygous lgl Drosophila mutants is able to rescue larval lethality; imaginal tissues do not show any neoplastic features, with Dlg and Scrib exhibiting the correct localization; animals undergo a complete metamorphosis and hatch as viable adults. These data demonstrate that Hugl-1 can act as a tumour suppressor in Drosophila and thus is the functional homologue of lgl. Furthermore, our data suggest that the genetic pathway including the tumour suppressors lgl, dlg and scrib may be conserved in mammals, since human scrib and mammalian dlg can also rescue their respective Drosophila mutations. Our results highlight the usefulness of fruit fly as a model system for investigating in vivo the mechanisms linking loss of cell polarity and cell proliferation control in human cancers.
Drosophila lethal giant larvae (lgl), discs large (dlg) and scribble (scrib) are tumour suppressor genes acting in a common pathway, whose loss of function leads to disruption of cell polarity and tissue architecture, uncontrolled proliferation and growth of neoplastic lesions. Mammalian homologues of these genes are highly conserved and evidence is emerging concerning their role in cell proliferation control and tumorigenesis in humans. Here we investigate the functional conservation between Drosophila lethal giant larvae and its human homologue Hugl-1(Llgl1). We first show that Hugl-1 is lost in human solid malignancies, supporting its role as a tumour suppressor in humans. Hugl-1 expression in homozygous lgl Drosophila mutants is able to rescue larval lethality; imaginal tissues do not show any neoplastic features, with Dlg and Scrib exhibiting the correct localization; animals undergo a complete metamorphosis and hatch as viable adults. These data demonstrate that Hugl-1 can act as a tumour suppressor in Drosophila and thus is the functional homologue of lgl. Furthermore, our data suggest that the genetic pathway including the tumour suppressors lgl, dlg and scrib may be conserved in mammals, since human scrib and mammalian dlg can also rescue their respective Drosophila mutations. Our results highlight the usefulness of fruit fly as a model system for investigating in vivo the mechanisms linking loss of cell polarity and cell proliferation control in human cancers. Keywords: Hugl-1; Lethal giant larvae; tumour suppressor; cell polarity; epithelial cancers; Drosophila Cancer arises from cells that undergo multiple mutational events affecting cellular pathways involving cell proliferation, apoptosis, differentiation and cell-cell interactions (Hanahan and Weinberg, 2000) . Loss of apical-basal polarity in epithelial cells is one of the hallmarks of aggressive and invasive cancers (Thiery, 2002) ; indeed, during the growth of epithelial tumours, cells at the invasive front undergo an epithelial-tomesenchymal transition, exhibiting a less polarized structure, becoming less adhesive and prone to migration (Thiery, 2002) . Understanding the regulation of cell polarity and how it is linked to cell proliferation is therefore fundamental to cancer biology. In Drosophila, Lethal giant larvae (Lgl), Discs large (Dlg) and Scribble (Scrib) are evolutionarily conserved molecules that function in a common genetic pathway linking cell polarity regulation to cell proliferation control in the epithelial and nervous tissues . These proteins establish the basolateral identity of the cell, by recruiting several other proteins and transcripts to these sites, whereas their mislocalization leads to disruption of adherens and apical junctions (Woods et al., 1996 (Woods et al., , 1997 Bilder and Perrimon, 2000) . lgl, dlg and scrib are tumour suppressor genes in Drosophila, since their loss of function causes neoplastic overgrowth of larval brain and imaginal epithelia. In lgl mutant imaginal tissues, different cell populations show a gradual misreading of positional cues, forming amorphous masses that closely resemble mammalian in situ carcinomas (Agrawal et al., 1995; Wodarz, 2000) . When these tumorous tissues are transplanted into wild-type recipients, they are able to grow and migrate to distant sites killing the host, thus behaving like mammalian metastatic tumours (Woodhouse et al., 1998) . Furthermore, lgl-induced metastases overexpress type IV collagenase and NDP kinase, thus showing some of the biochemical features observed in human secondary cancers (Timmons et al., 1993; Woodhouse et al., 1994) . Two Lgl-related proteins have been found in mammalian genomes, which show the characteristic WD-40 repeats (Tomotsune et al., 1993; Strand et al., 1994a, b) . Human Lgl1 (Hugl-1/ Llgl1) maps to 17p11.2, within the interstitial deletion associated to the Smith-Magenis syndrome (Strand et al., 1995) , close to breakpoints of deletions found in primitive neuroectodermal tumours (PNETs), pediatric lesions of the CNS. The protein shows a global similarity of 62.5% with Lgl if conservative amino-acid changes are taken into account. Homology spreads all along the molecule and is significantly lower in the C-terminal domain, which has previously been shown to be dispensable for Lgl tumour suppressor function (Jacob et al., 1987) . Hugl-1 is mainly membraneassociated, forms homo-oligomers and is a component of the multimeric cytoskeletal network that contains nonmuscle myosin type II heavy chain and a serine kinase (Strand et al., 1995) , similar to Lgl (Strand et al., 1994a, b; Kalmes et al., 1996) . When expressed from baculovirus in insect cells, Hugl-1 is also transphosphorylated by an endogenous kinase (Strand et al., 1995) . Recently, a complex of PAR-6 and atypical protein kinase C was shown to bind and phosphorylate mammalian Lgl (Plant et al., 2003; Yamanaka et al., 2003) . Both mammalian and Drosophila proteins are able to rescue yeast strains double deficient for yeast Lgl homologues, Sop1 and Sop2 (Larsson et al., 1998; Kim et al., 2003) . While the role of Lgl protein in cell proliferation control has been assessed in Drosophila, the question must still be addressed for the human counterpart. Evidence has emerged concerning a role for Lgl, Dlg and Scrib in tumour suppression also in mammals. Overexpression of different variants of human Dlg leads to a cell cycle arrest in many types of cell lines (Hanada et al., 2000; Ishidate et al., 2000) and preliminary studies indicate a similar behaviour for hScrib (Dow et al., 2003) . Using an ecdysone-inducible overexpression of Hugl-1 in human epithelial kidney cells (HEK-293) we can show that Hugl-1 causes a cell cycle arrest and stabilizes the culture in a confluent monolayer, which can be maintained at least for 5 weeks without adverse effects (CC Schimanski and D Strand, unpublished data). Taken together, all these analyses support the concept that mammalian Lgl, Dlg and Scrib are involved in cell proliferation regulation. Moreover, the transcript of Dlg3 has been shown to be completely absent in oesophageal tumour samples, gastric carcinomas and a number of tumour cell lines (Makino et al., 1997; Ishidate et al., 2000; Liu et al., 2002) ; a low level of Dlg1 expression has been associated to gastric cancers, with an additional decrease of Dlg4 expression correlating to the most aggressive types (Boussioutas et al., 2003) . We have begun to collect data concerning Hugl-1 expression in tumour samples. Here we performed a screen of 60 breast, lung, prostate, ovarian cancers and melanomas to investigate the transcriptional profile of Hugl-1 in human solid malignancies. Interestingly, as shown in Figure 1 , the transcript was reduced or absent in a high proportion of breast cancers (13/17; 76%), lung cancers (12/19; 63%), prostate cancers (8/15; 53%), ovarian cancers (2/4; 50%) and melanomas (2/5; 40%), supporting a tumour suppressor function for Hugl-1 in humans.
In the light of this evidence, we were particularly interested in studying the conservation of lgl tumour suppressor function between fruit fly and humans. Hugl-1, besides having a high structural conservation with Lgl protein (Figure 2a ), shows similar biochemical properties. We previously reported that the subcellular localization of Hugl-1 is also conserved in human cells (Strand et al., 1995) . Another important structural feature of Lgl and Hugl-1 is that both proteins form homo-oligomers. Lgl homo-oligomerization domains have been identified and biochemically characterized (Strand et al., 1994a, b; Jakobs et al., 1996) . In order to assess the ability of the two proteins to form heterocomplexes, we transfected Sf9 insect cells with recombinant baculoviruses containing the coding region of lgl or Hugl-1. As shown in Figure 2c , the a-Hugl antibody Figure 1 Hugl-1 expression is lost in solid tumours. An RT-PCR assay was performed using total RNA isolated from breast, lung, prostate, ovarian and melanoma tumours or normal tissue. Normal and tumour tissues were obtained after informed consent during routine diagnostic or therapeutic procedures. The b-actin expression level is shown as a standard reaction control. Primers utilized for actin were as follows: b-Act-fwd 5 0 -TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3 0 , b-Act-rev 5 0 -CTA GAA GCA TTT GCG GTG GAC GAC GGA GGG-3 0 ; Hugl-1-fwd: 5 0 -CTG TGG GCC CGC ATT GTG AG-3 0 , Hugl-1-rev: 5 0 -GGG CCA GGC TGT CAG AGT GCT-3 0 . Hugl-1 transcription was reduced or lost in 13/17 (76%) breast, 12/19 (63%) lung, 8/15 (53%) prostate, 2/4 (50%) ovarian cancers and 2/5 (40%) melanomas Conservation of Lgl function D Grifoni et al does not crossreact with Lgl (upper lane 3) and the a-Lgl antibody does not recognize Hugl-1 (bottom lane 2), but the complexes immunoprecipitated by a-Hugl-1 in lysates from doubly transfected cells are composed of molecules recognized by both a-Hugl-1 and a-Lgl antibodies (upper and bottom lane 4), indicating that the two proteins are able to interact and form heterocomplexes in vitro. The three homo-oligomerization domains in Lgl (B50-amino-acid residues in length) contain a relatively high number of hydrophobic amino acids interspersed with charged residues. The hydrophobic nature of the domains is conserved between humans and flies, with 52, 56 and 56% homology respectively, including stretches of 10-12 amino acids with 470% identity (Jakobs et al., 1996) . Whether heterocomplex formation occurs directly through their homo-oligomerization domains or through common partners must still be determined, but the conserved nature of the homo-oligomerization domains strongly suggests that they could play a role in this interaction.
In order to ascertain whether the human protein could substitute for the Lgl tumour suppressor function in vivo, we inserted the human Hugl-1 cDNA in the Drosophila genome. We generated several independent lines of transgenic flies carrying the Hugl-1 cDNA under the control of a Gal4-responsive UAS promoter (Brand and Perrimon, 1993) . The UAS-Hugl1-15A transgenic line showed the correct inducible transgene expression and Hugl-1 molecular mass (data not shown) and was thus chosen for further analyses. Larval imaginal discs, with their monolayered columnar epithelium, are simple systems in which it is feasible to alter gene expression (c) a-Hugl-1 coimmunoprecipitation assay from recombinant Sf9 cell lysates. Antibodies, immunoprecipitations, recombinant baculoviruses, buffers and Western blotting have previously been described (Strand et al., 1994a (Strand et al., , 1995 . Essentially, affinity-purified polyclonal antibodies raised against synthetic peptides derived from the C-terminal end of Lgl or Hugl-1 were used in combination with Protein A agarose to immunoprecipitate Hugl-1 or Lgl. Sf9 cells were infected with recombinant baculoviruses expressing Lgl or Hugl-1 alone or in combination. Components of the recovered complexes were resolved on two identical 8% SDS-PAGE gels and Western blotted. The filters were probed with either a-Hugl-1 or a-Lgl antibodies. Molecular weight markers were obtained from Sigma (SDS-7B prestained marker)
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and follow the consequent phenotypes throughout development. We thus performed rescue experiments using the EGUF system (Stowers and Schwarz, 1999) , a genetic method suitable for the generation of Drosophila eyes composed exclusively of mitotic clones of the mutant genotype (Figure 3a) . For all the rescue trials, we used the null allele lethal(2)gl 4 (Gateff, 1978) , whose imaginal phenotype is shown in Figure 2b . Flies homozygous for the mutant allele were always recovered as headless pharates, and third instar larvae showed a complete loss of the eye imaginal disc structure (Figure 3b, left) . Flies carrying the human transgene, in the same mutant background as above, were also recovered as pharates, but showed a partial eversion of the head with the development of rudimental eyes and larval structures comparable to wild type (Figure 3b , right). The penetrance of this phenotype was complete, with a fluctuating expressivity observed in the head everted portion; in the figure, the most represented phenotype is shown. Since the positive controls, which consisted in individuals carrying the UAS-lgl endogenous transgene (Ohshiro et al., 2000) , showed the same phenotypic defects and did not hatch as viable adults (data not shown), the incomplete differentiation of the head structures is probably due to inherent limitations in the experimental system.
We next considered whether ubiquitous expression of Hugl-1 could rescue all the phenotypes of Drosophila lgl mutants. To allow ubiquitous expression of Hugl-1 in lgl-null animals, the UAS-Hugl-1 transgenic line carrying the lgl 4 allele was crossed to an actin5c-Gal4 activator line carrying the same mutant lgl allele. F1 flies homozygous for the lgl 4 mutation, bearing both the UAS-Hugl-1 transgene and the act5c-Gal4 driver, hatched into viable adults (46%; n ¼ 1096) (Figure 4a ) or were recovered as completely developed pharates; the same viable phenotype was obtained utilizing the Drosophila melanogaster UAS-lgl transgene as a positive control (52%; n ¼ 828) (Figure 4b ). In the imaginal tissues, the relative abundance of Lgl and Hugl-1 proteins expressed by the UAS-Gal4 system with respect to the wild-type Lgl, estimated through a Western blot experiment, was approximately 5 : 1 (data not shown). Both genotypes showed complete sterility, with oogenesis arresting at stage 7; hence, this defect cannot be considered a failure in the rescue ability of the human Figure 3 Hugl-1 sustains Lgl function in the developing eye. (a) Schematic representation of the EGUF system. In the territories where eyeless promoter is active, the Gal4 transactivator is expressed and binds to the UAS cassettes upstream of the Flippase gene, which is thus transcribed. FLP product cuts its pericentromeric targets (FRT in cytological position 40A) promoting chromosomal arm exchange. In the rescue cross, Hugl-1 is also transcribed under the control of the eyeless promoter in the mutant cells. Otherwise, the clones stemmed by twin wild-type cells (and heterozygous cells in which recombination did not occur) bear the proapoptotic gene hid under the control of a promoter active at metamorphosis and will not be present in the adult eye. We observed some phenotypic alterations associated to flies rescued by the human cDNA. These phenotypes showed a complete penetrance and a comparable expressivity. At a stereoscopic level, the eye appeared rough, scutellar bristles were shortened and thickened and the wing blade was bent downward, with margin bristles irregularly spaced. At a cellular level, we observed fused ommatidia with severe complanarity defects and accessory cells duplication (Figure 4d ). These eyes also exhibited a variable frequency in the percentage of ommatidia lacking photoreceptor R7 (Figure 4f ). Concerning the wing phenotypes, the triple row of the margin bristles was highly misorganized and, throughout the wing blade, bristles showed a 'windswept' phenotype, which could result from underlying defects in cell polarity (Figure 4h ). To address this question, we analysed by confocal microscopy the subcellular localization of Hugl-1, Dlg and Scrib in the imaginal epithelia of the rescued animals.
As shown in Figure 5b and d, in the imaginal eye disc columnar epithelium, Hugl-1 is cortically recruited as the endogenous Lgl (Figure 5a and c) and Dlg and Scrib in the rescued tissues show the same pattern as in the wild-type controls. Moreover, projections of the same discs along the Z-axis show that Dlg and Scrib are highly polarized and concentrate to the subapical region of the cell membrane in rescued tissues ( Figure 5b 0 and d 0 ) as in wild-type controls ( Figure 5a 0 and c 0 ). These data strongly suggest that the subtle impairments observed in the rescued animals are not due to defects in apical-basal polarity; they are hence probably imputable to some differences existing between human and Drosophila proteins affecting a still unascertained biological mechanism, or to an embryonic interference occurring between the maternal Lgl function and the human protein; further analyses are required for this issue to be addressed. ;UAS-Hugl-1/act5c-Gal4 (h) rescued flies. Note the misorganized bristle pattern in the Hugl-1 rescued wing margin (h) with respect to that shown in (g). For scanning microscopy, samples were dehydrated in hexamethyldisilazane, gold-coated in a Biorad SC502 SEM Coating System and analysed in a JEOL JSM-5200 scanning microscope. For transmission microscopy, tissues were treated according to standard protocols and ultrathin sections were prepared with a Reichert OmU3 ultramicrotome, coloured with uranyl acetate, contrasted with lead citrate according to Reynolds and observed in a 75 kV Hitachi H-800 transmission electron microscope
Approximately 50 Drosophila tumour suppressors have been so far described (Watson et al., 1994) , but only lgl, dlg and scrib mutations show loss of apicalbasal polarity and lead to neoplastic growth of nervous and epithelial tissues (Agrawal et al., 1995; Goode and Perrimon, 1997) . A wealth of literature exists describing mechanisms in which cell polarity and proliferation are inversely correlated (Bissell and Radisky, 2001; Thiery, 2002) ; such a link prevents undesired cell proliferation in monolayered epithelia. Our observation that Hugl-1 transcription is lost in human cancers fits into the emerging concept that lgl, dlg and scrib are involved in proliferation control in humans (Boussioutas et al., 2003; Makino et al., 1997; Hanada et al., 2000; Ishidate et al., 2000; Liu et al., 2002; Dow et al., 2003) . Our demonstration that Lgl function is conserved between Drosophila and humans is convincing evidence, with the results obtained with dlg and scrib (Thomas et al., 1997; Dow et al., 2003) , that the entire genetic network may be conserved between Drosophila and mammals. These results set the basis for using the powerful fruit fly genetic system to gather relevant information regarding molecular pathological mechanisms involved in the onset and progression of human cancers. 
